A novel brush-like electrode based on carbon nanotube (CNT) nano-yarn fiber has been designed for electrochemical biosensor applications and its efficacy as an enzymatic glucose biosensor demonstrated. The CNT nano-yarn fiber was spun directly from a chemical-vapor-deposition (CVD) gas flow reaction using a mixture of ethanol and acetone as the carbon source and an iron nano-catalyst. The fiber, 28 μm in diameter, was made of bundles of double walled CNTs (DWNTs) concentrically compacted into multiple layers forming a nano-porous network structure. Cyclic voltammetry study revealed a superior electrocatalytic activity for CNT fiber compared to the traditional Pt-Ir coil electrode. The electrode end tip of the CNT fiber was freeze-fractured to obtain a unique brush-like nano-structure resembling a scale-down electrical 'flex', where glucose oxidase (GOx) enzyme was immobilized using glutaraldehyde crosslinking in the presence of bovine serum albumin (BSA). An outer epoxy-polyurethane (EPU) layer was used as semi-permeable membrane. The sensor function was tested against a standard reference electrode.
Introduction
In application as biosensors, CNTs demonstrate faster response time and higher sensitivity than traditional electrodes [1] [2] [3] . The better performance is attributed to their one-dimensional hollow tubular nano-chemistry that is responsible for the efficient capture and promotion of electron transfer reactions from analytes. The immense potential for CNT based materials for electrochemical sensing applications, especially clinical diagnostics and environmental monitoring, is widely recognized [1] . However, their integration into biosensing electrodes has been challenging and concerns are often raised regarding toxicity of the nano-sized CNTs leaching from an implanted biosensor [4] [5] [6] [7] [8] .
Individual multiwall CNTs in a suspension have been proven to be cytotoxic [4] . However, several studies report that cytotoxicity is avoided by immobilizing CNTs on surfaces or within composites [5] . Hence, the development of CNTs in non-particulate forms, such as CNT paste, composite, films, thin coatings or continuous fibers, is considered a safe way to fabricate electrodes.
Early studies for integration of CNTs in electrodes concentrated on the use of CNTs as intermediates between electrodes and enzymes. Randomly dispersed CNTs were coated onto Pt, Au or glassy carbon electrodes using a binder to form an intermediate CNT paste [9] . Another approach involved making composites with polymers such as Teflon and polyvinyl acetate [10] . To gain better control over the distribution and robustness of the CNT coat on electrodes, chemical means, such as self-assembly on gold surfaces using chemical binding via Au-S bonds [11] and immobilization of the enzyme on CNT ensembles through carbodiimide chemistry [12] were employed. Nevertheless, challenges remained in the development of robust, practical and stable sensors capable of maximum exploitation of the exceptional properties of individual CNTs. In addition, there is the potential risk of CNT leaching from the CNT ensembles when implanted in the body.
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The alignment of nanotubes in the fiber is an effective way to exploit the exceptional anisotropic properties of individual CNTs and transform them for micro/macroscale applications. Apart from good mechanical properties, the fiber inherits the advantages of the high surface area and good electrocatalytic properties of CNTs, while avoiding the potential toxicity caused by individual CNTs in the form of particles with a high aspect ratio during implantation. In recent years, several production routes were developed to fabricate continuous CNT micro-fibers, including wet spinning of CNTs from polymer dispersions or acid dispersions, dry spinning from aligned CNT matrices and direct spinning from CVD reactions [13] [14] [15] [16] [17] [18] [19] .
Wang et al [20] first introduced wet-spun CNT fiber as a microelectrode for electrochemical sensors, and demonstrated the possibility of detection of NADH, hydrogen peroxide and dopamine in 2003. The CNT fiber was proven to have higher electrocatalytic activities when compared to a carbon fiber. The immobilization of mediators (2,4,7-trinitro-9-fluorenone) on the surface and the effect of pre-treatment of the same fiber on the performance of the biosensor were reported later [21, 22] . However, the wet-spun fibers from polymer solution are actually composite fibers consisting of non-conductive polymer as-spun, or carbon residue after thermal treatment, showing relatively low strength and low conductivity compared to pure CNT fibers.
Recently, a wide variety of continuous yarns of CNTs were fabricated by direct spinning of pure CNT fibers from an aerogel formed during a CVD process using ethanol and acetone as the carbon source [17] [18] [19] . The resulting CNT micro-fiber has the potential to address the electrode design and toxicity concerns of CNT based sensors for long-term implantable biosensor applications. During the CVD process, the CNTs form and self-assemble in the gas flow by van der Waals interactions at high temperature, and are then spun into nano-yarns along the fiber axis. Direct spinning of the pure CNT fiber by the CVD method helped to achieve, so far, the best properties in terms of strength, stiffness, toughness, as well as electrical and thermal conductivities in comparison with the CNT fibers spun from other methods [13] [14] [15] [16] . The intention of our studies is to exploit the exceptional properties of a pure CNT fiber that is directly spun during CVD for biosensing. The specific fiber we are investigating is composed of double walled CNTs that are 4 compacted into concentric layers of CNT bundles organized as nano-yarns [19] . The CNT fiber resembles an electric wire, except that it has a nanoscale surface topography and porosity, which we hypothesize, would facilitate molecular-scale interactions with agents like enzymes aiding in the efficient capture and promotion of electron transfer reactions. The objective for this study is to test this hypothesis by immobilizing glucose oxidase on CNT fiber and utilizing as an amperometric glucose biosensor. Amperometric glucose biosensing has been extensively studied and, hence, would serve as an excellent reference to establish the efficacy of CNT fiber in biosensing.
Here, we put forward a brush-like electrode of CNT nanoyarn fiber for enzymatic glucose biosensing. The CNT fiber was fabricated by a CVD process and its nano-topography demonstrated using scanning electron microscopy (SEM) and atomic force microscopy (AFM). Cyclic voltammetry measurements were used to compare the electrocatalytic activity of the CNT fiber with that of the traditional Pt electrode. The electrode end of the fiber was freeze-fractured to mechanically unwind the nano-yarn into a brush-like end. Glucose oxidase (GOx) was immobilized on the brush-like electrode end. The resulting CNT fiber based glucose biosensor was tested for glucose sensing functional efficacy in buffers. This study demonstrated the CNT fiber based sensor, having much smaller electrode size, performed better than a Pt-Ir coil based sensor. In addition, the improvement of surface conductivity of the CNT fiber, at its electrode connecting end, by gold coating revealed the fiber's wider range of analyte detection limits compared to noble metal electrodes.
Experimental details

Materials
Bovine serum albumin (BSA), glutaraldehyde (50% v/v), polyurethane (PU), ATACS5104 epoxy adhesive, potassium ferricyanide, potassium chloride, glucose, dextrose, bovine adult serum, glucose oxidase (GOx) (EC1. 
Synthesis of CNT nano-yarn fiber
The continuous CNT nano-yarn fiber was spun directly from a chemical-vapor-deposition (CVD) gas flow reaction using a mixture of ethanol and acetone as the carbon source and an iron nano-catalyst according to the protocol reported earlier [19] . Briefly, the synthesis was conducted by the injection of the carbon source dispersed with ferrocene and thiophene into a heated gas flow reactor in flowing hydrogen. The CNTs were generated in the heated chamber and, with the assistance of gas flow, organized into continuous, concentric and discrete layers referred to as a multilayered CNT 'sock'. Initiated from the upper gas flow, the CNT sock traveled downstream into a water tank connected at the end of the CVD reactor. Upon arriving at the water surface, the CNT sock shrank into a fiber, which was collected around a rotator in water. Then the fiber was further washed and shrunk in acetone. Subsequently, the fiber was dried by an infrared heater at ∼100 •C, wound onto a spool and stored at room temperature until further use.
Fabrication and characterization of CNT fiber electrode
About 70 mm long CNT fibers were used for the fabrication of electrodes. Some of the fibers were thermally annealed at 250•C for 30 min to improve their purity and electrochemical performance. Both thermally annealed and as-spun fibers were used to fabricate electrodes for CNT fiber based glucose biosensors, to test the effect of thermal treatment on the function of the biosensor. The sensing element end of the fiber was quenched in liquid nitrogen, fractured and nano-yarn manually unwound to obtain a brush-like end. The brush-like end was intended to increase the surface area for enzyme coating.
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A coil-type metal electrode, based on Pt-Ir, was prepared as reported earlier [23, 24] The morphology of the CNT fiber electrode was evaluated using scanning electron microscopy (SEM) and atomic force microscopy (AFM). A Zeiss Supra 35VP (Germany) field emission SEM (FESEM) in SE mode without any sample pre-treatment and a Digital Instruments Nanoscope III (USA) atomic force microscope (AFM) in tapping mode were used to record SEM photomicrographs and AFM topography images respectively.
Cyclic voltammetry.
Cyclic voltammetry experiments (CVs) were carried out with a computer-controlled electrochemical analyzer 
Fabrication of glucose sensor based on CNT fiber electrode
The CNT fiber electrode was inserted into an insulating silastic tubing (Dow Corning, I.D. 1 mm, length: 30 mm), which also improved the handling of the microelectrode. The two ends of the tubing were sealed by a resin adhesive (R.S, UK) such that the two CNT fiber tips were left protruding by 1 mm (brushlike tip end) and 5 mm (electrode connecting end).
Glucose oxidase (GOx) was immobilized directly on the brush-like electrode end by solution casting. Fresh enzyme loading solution, containing 2.5 mg GOx, 12 mg BSA and 5 μl of 50% glutaraldehyde solution dissolved in 300 μl of deionized water, was cast twice at the brush-like end of the CNT fibers (1.5-2.5 μl each time). The enzyme loading 7 solution was allowed to dry and crosslink at room temperature for about 60 min and overnight, respectively, after the first and second solution casts, respectively. The morphology of the enzyme loaded CNT fiber electrode end coated with GOx was examined using FESEM, as presented in section 2.3.1.
To extend the linear measuring range (covering 2-30 mM) of the glucose sensor, an EPU semi-permeable membrane is solvent cast on the miniature sensing element [23, 24] . The lead end, used for connecting to the potentiostat, of some of the sensors was coated with a 30 nm layer of gold to test its enhancing effect on the electrochemical behavior of the CNT fiber based glucose sensors.
Sensor function testing
The function of the sensors was tested by amperometric measurements of glucose in buffers using potentiostats 
Results and discussion
High purity (as high as 96.6%) CNT micro-fibers have recently been developed in the form of continuous nano-yarns [19] . The fiber consists of multiple mono-layers of a CNT bundles (i.e. nano-yarns) network that are concentrically assembled in seamless tubules along the yarn axis. In the current study, we utilized one such CNT fiber as an electrode for glucose biosensing.
The CNT fiber
The SEM images illustrated in figure 1 show the morphology of the CNT fiber. The fiber has an average diameter of 28 μm and is slightly twisted along the fiber axis ( figure 1(a) ). The slight twisting could be due to the spinning process.
At a higher magnification ( figure 1(b) ), the fiber's surface nano-topography is evident. CNT bundles of about 50 nm in diameter are entangled to form a nano-porous mesh-like surface topography. The AFM image in figure 2 further confirms the surface nano-topography consistent with the SEM image in figure 1(b) . The fiber has a nano-structural hierarchy, which, along with the CNT fiber's physical properties, has recently been reported by Zhong et al [19] .
Briefly, the basic structural unit, CNT, is organized into DWNTs having a diameter of 8-10 nm. The DWNTs further assemble into ∼50 nm bundles that correspond to the nanoyarns observed in the SEM and AFM images (figures 1(b) and 2). Zhong et al [19] demonstrated that the nano-yarns are organized into discrete and concentric mono-layers of ∼50 nm CNT bundles held together by molecular forces which include van der Waal interactions. The schematic organization of the mono-layers of CNT bundles into the CNT micro-fiber is illustrated in figure 3 . The degree of alignment of the CNT bundles along the acetone densified yarn axis is reported to be 0. , two orders of magnitude higher than that of wet-spun CNT fibers ((1-2)×10 3 S m −1 ) [13, 20] .
The multiple coaxial bundles of CNTs in compacted seamless tubules spanning the length of the fiber render a polymeric macromolecular structure and effectively prevent CNT cytotoxicity. The macro-length structure, combined with high elasticity, toughness and light weight, potentially makes the CNT fiber an inert biocompatible material when implanted in the body. Furthermore, the exceptionally high electrical conductivity (5.0 × 10 5 S m −1 ), surface area (>194 m 2 g −1 ) and nano-topography aspects are anticipated to make the CNT fibers suitablematerials for implantable biosensor applications.
The CNT fiber electrode
Due to the 1D electronic structure of CNTs, electronic transport is reported to occur ballistically (without scattering) over long nanotube lengths, enabling CNTs to carry high currents with essentially no heating [25] . Hence, to realize the full potential of the CNT fiber as a biosensor, it was essential to unwind the CNT bundles (nano-yarns) at the ends of the fibers. The separated nano-yarns at the end tip of the CNT fiber, shown in figure 4 , are prepared by manual tweezing of freeze-fractured ends. The resulting brush-like nano-structure resembles a scaled-down electrical 'flex'
and the individual nano-yarns within the brush-like end would act as multi-nano-electrodes, reminiscent of a dendrite-type nerve cell, which provide many nano-channels to promote and speed up electron transfer as well as increase the surface area for enzyme immobilization.
Regardless of its high CNT content, CNT fiber spun directly from the CVD gas flow reaction inherits impurities such as metal (iron) nano-catalyst, amorphous carbon or graphite. The presence of such impurities in the CNT fiber is evident from the thermo-gravimetric analysis result reported by Zhong et al [19] , and it is known that impurities can significantly affect the electronic properties of the CNT based materials [25, 26] . Nevertheless, thermal treatment of the CNT materials is reported to remove the majority of amorphous and crystalline carbon as well as the surface-adsorbed impurities, effectively enhancing both the electrochemical activity and the purity of a CNT based material [26, 27] . To further study the effects of thermal treatment on CNT fiber as a glucose biosensor, we annealed some of the fibers in air at 250 •C just prior to the fabrication of the electrode. Surface characterization of our CNT fibers before and after the thermal treatment using SEM, in fact, reveals a smoother CNT surface with little debris (data not shown). In addition, the increase in electrical conductivity is demonstrated by∼7.5 fold increase in sensitivity of the glucose sensors prepared using heat annealed CNT fibers (details in section 3.4). Thus our studies further confirm the effect of thermal treatment on enhancement of the electrical conductivity of CNT based materials.
For fabrication of the glucose biosensor, first, the length of the CNT fiber, except 1 mm at the sensing end and 5 mm at the electrode connecting end, was insulated using silicon tubing, with the tubing ends sealed by epoxy resin. In addition to insulation, the silicon tubing also enhanced the physical handling of the lightweight CNT fiber. Thereafter, at the brush-like sensing end of the electrode, GOx enzyme was immobilized by glutaraldehyde crosslinking of GOx on a BSA matrix. The morphology of GOx immobilized on the circumferential surface of the CNT fiber is shown in figure   5 . The immobilized GOx-BSA crosslinked network layer appears to fit snugly to the contours of the nano-porous surface topography of the CNT fiber surface. Because of the sp 2 carbon atoms in the polycyclic aromatic hydrocarbon chemistry of the graphene tubes in CNTs and the exclusive Schiff's base glutaraldehyde crosslinking reaction of GOx-BSA proteins, covalent interactions between CNTs and GOx-BSA layers are not feasible. Hence, the GOx layer is expected to interact with CNT fiber non-covalently, which is consistent with reports that different enzymes, polypeptides and DNA can interact non-covalently with CNT [28] [29] [30] [31] [32] [33] [34] [35] . The interactions between proteins and CNT are reported to involve many types of non-covalent forces, including electrostatic, hydrogen bonding, hydrophobic and π-π interactions; and strong non-covalent interactions were also demonstrated between GOx and DWNTs [34] . Hence, strong molecular level non-covalent interactions between GOx and CNTs bundles, both at the fiber's porous surface and the separated nano-yarns of our fiber's brush-like end tip, are expected to provide active catalytic coupling of the enzyme redox reaction directly with the CNT surface ( figure 3 ).
Electrochemical characterization
The electrochemical signal transduction ability of the CNT fiber as microelectrodes is characterized using traditional cyclic voltammetry, and compared with a Pt-Ir coil electrode. Figure 6 illustrates the typical cyclic voltammograms from Pt-Ir coil, as-spun and annealed CNT fiber electrodes in 4 mM K 3 Fe(CN) 6 (±SD, n = 3). Nevertheless, the annealed CNT fiber is 0.006 ± 0.001 cm 2 (±SD, n = 3), which is about six times larger than its apparent geometric area 0.0009 cm 2 , (28 μm in diameter, 1 mm in length). In contrast, the electro-active surface area for the platinum coil (125 μm ca. Pt-Ir wire) appears much larger, about 0.031 ± 0.002 cm 2 (±SD, n = 3). However, it is only ca. 63% of its apparent geometric area 0.0491 cm 2 (125 μm in diameter, 1.25 cm in length). The substantially high effective electro-active surface area of CNT fiber with respect to its apparent geometric area for CNT fiber is attributed to the nano-porous surface topography of CNT nano-yarns, as shown in figures 1(b) and 2. Furthermore, the potential difference ΔE p between the anodic and cathodic peak potentials is 90 and 93 eV respectively for the as-spun and annealed CNT fibers, which is nearly half that for the Pt coil, 177 eV. ΔE p is reported to be directly related to the electron transfer rate [28] . The lower ΔE p of the CNT fiber signifies that the electron transfer rate for the CNT fiber is faster than that for the Pt coil electrode. These results indicate that the CNT fiber electrode has superior electrocatalytic activities compared with the Pt coil electrode. Thus, in combination with its excellent affinity with enzymes and other biomolecules, CNT fiber is an attractive material to replace traditional noble metal electrodes (Pt and Au) for electrochemical biosensor applications. Figure 7 shows the typical amperometric response of the CNT fiber based glucose biosensor. The fast response of the biosensor toward glucose can be seen, in that the sensor response current reaches a dynamic equilibrium within tens of seconds (response time) of each addition of glucose, generating a near steady-state current signal. This indicates a fast electron transfer between the redox center of the enzyme and the CNT fiber, as described by Cai et al [3] .
Amperometric response of the biosensor
The linear calibration curves for the annealed and asspun CNT fiber glucose biosensors are presented in figure 8 . Both the sensors showed a linear increase (R 2 of 0.991 and 0.997 respectively for annealed and as-spun CNT fibers) in sensor response current covering the 2-30 mM of glucose concentration range desired for sensing covering the whole range of physiological blood glucose levels.
The sensitivity, S, of the sensors was determined by using a two-point method described in equation (2) as follows [23, 24] ,
where I1 and I2 represent the sensor response currents obtained in 5 mM and 15 mM glucose solutions respectively.
The sensitivity for the annealed CNT fiber sensor (7.2 nM mM −1 ) was significantly higher than that for the unannealed CNT fiber sensor (0.96 nA mM −1 ) (figure 8), indicating that the conductivity of the CNT fiber increased significantly following thermal treatment (annealing). Considering that the long-term storage of CNT based materials leads to a proportional decrease in conductivity, due to inherent impurities within the as-spun fibers as well as spontaneous coating of the CNT surface with impurities [25, 26] , thermal annealing of the CNT fiber just prior to biosensor fabrication is a key aspect for fabrication of a CNT fiber based biosensor.
The CNT fiber based glucose biosensor was coated with a similar volume and composition of GOx loading solution to the Pt coil sensor, as reported by Yu et al [24] , except that the sizes of the sensing element differed. While the Pt coil used by Yu et al [24] was ∼10 mm, our CNT fiber's sensing element was kept to ∼1 mm in length, including the The long-term stability of the unannealed CNT fiber based glucose sensors was tested over a period of 90 days by two methods. In the first method, the sensors were stored in 5 mM glucose solution in PBS at room temperature (24 ± 1 •C), and the sensitivity of the sensors tested every 2-5 days. The change in sensitivity as a function of time is illustrated in figure 9 . The second method involved the storage of the sensor at 4 •C in PBS pH 7.4 and the sensor's sensitivity tested after 90 days. The initial increase in sensitivity up to about 10 days could be due to the swelling of the EPU and GOx-BSA layers (figure 9). The higher the swelling, the higher the water content in the respective layers, which in turn increases the amount of glucose diffusing to the enzyme layer, resulting in an increase in sensitivity. The sensitivity remained nearly constant from 10 to 70 days and, thereafter, a gradual reduction in sensitivity was observed until the end of the study period of 90 days ( figure 9 ). Build-up of H 2 O 2 within the enzyme layer during storage in 5 mM glucose solution in PBS could be a reason for the decrease in sensitivity, because H 2 O 2 was earlier demonstrated to deleteriously affect the function of GOx enzyme [38] . To circumvent this problem, excess loading of GOx was suggested [23] , and our CNT fibers were loaded with excess enzyme per unit electro-active surface area. Furthermore, a similar extent of decrease in sensitivity was also observed for the batch of sensors that were stored in PBS (without glucose) at 90 days of storage. This suggests that even without significant accumulation of H 2 O 2 within the enzyme layer (H 2 O 2 accumulation is expected to be maximal in the presence of glucose) there is a decrease in sensitivity. Hence, there are other significant factors that affect the function of the CNT fiber based glucose biosensor and require further investigation. One factor could be the accumulation of impurities on the CNT fiber connection end over the period of storage, due to the high affinity of the CNT fiber surface to a wide variety of molecules, including oxygen in air, resulting in a reduction in their surface conductivity [26] .
The conductivity and nature of electron transfer in CNT fiber is significantly different from the metal connecting lead 13 of the potentiostat, which could affect the function of the CNT fiber based glucose biosensor. During our experiments, we noticed that the biosensor performance was very sensitive to the electrode connection with the testing lead. The large contact resistance has been an issue for carbon nanotube sensors, electronics and devices [25] . To improve the contact between the CNT fiber and the connecting lead, we coated the CNT fiber's connecting end with a thin layer of gold (∼30 nm in thickness). The annealed CNT fiber sensors with gold coated connecting end were tested for sensitivity and were observed to be similar (∼6.8 nAmM −1 ) to that of non-gold coated annealed CNT fiber sensors (∼7.2 nAmM −1 ). In spite of finding no statistically significant difference between gold coated and non-gold coated connecting leads, we believe that the full potential of the CNT fiber's excellent conductivity can be realized with other appropriate lead connection intermediates and needs further investigation. However, an interesting phenomenon was observed when the CNT fiber's connecting end was coated with gold. It had the ability to detect glucose levels as low as 25 μM, which was not possible with the non-gold coated CNT fiber or the Pt coil based glucose biosensors. Thus, the range of the steady-state current in response to the glucose concentration extends to a range of 25 μM to 30 mM, which is much wider than that of the carbon nano-fiber biosensor reported by Vamvakaki et al [39] . Such wider ranges of analyte detection limits, compared to conventional metal electrodes, could be of great use in applications such as environmental monitoring and drug testing for athletes and vehicle drivers, and further investigations are required to maximize the performance of the CNT fiber sensors through improvement of the electrode connection in reducing the surface resistance between the CNT fiber and the connecting leads.
Summary
In this study, the efficacy of the CNT fiber as an electrode and glucose biosensor is compared with that of a Pt-Ir coil-type electrode, where the Pt-Ir wire is about 4.5 times larger in diameter than the CNT fiber. The CNT fiber has a nano-scale topography having nano-fibers (bundles) forming a nano-yarn with nano-porosity. The anodic peak current for the miniature annealed CNT fiber was double that measured for a ten times larger (geometric size) Pt-Ir coil.
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